Abstract Heterotic groups and patterns are of fundamental importance in hybrid breeding. The objectives of our research were to: (1) investigate the relationship of simple sequence repeats (SSR) based genetic distances between populations and panmictic midparent heterosis (PMPH) in a broad range of CIMMYT maize germplasm, (2) evaluate the usefulness of SSR markers for defining heterotic groups and patterns in subtropical germplasm, and (3) examine applications of SSR markers for broadening heterotic groups by systematic introgression of other germplasm. Published data of two diallels and one factorial evaluated for grain yield were re-analyzed to calculate the PMPH in population hybrids. Additionally, 20 pools and populations widely used in CIMMYT's breeding program were assayed with 83 SSR markers covering the entire maize genome. Correlations of squared modified Roger's distance (MRD 2 ) and PMPH were mostly positive and significant, but adaption problems caused deviations in some cases. For intermediateand early-maturity subtropical germplasm, two heterotic groups could be suggested consisting of a flint and dent composite. We concluded that the relationships between the populations obtained by SSR analyses are in excellent agreement with pedigree information. SSR markers are a valuable complementation to field trials for identifying heterotic groups and can be used to introgress exotic germplasm systematically.
Introduction
Recognition of heterotic patterns among genetically divergent groups of germplasm is fundamental in hybrid breeding for maximum exploitation of heterosis (Hallauer et al. 1988 ). Lamkey and Edwards (1999) coined the term panmictic midparent heterosis (PMPH) for the difference between a hybrid population and the mean of its two parent populations in Hardy-Weinberg equilibrium. Under the assumptions of two alleles per locus and no epistasis, PMPH is a function of the dominance effect at each locus and the square of the difference in allele frequency between the populations (Falconer and Mackay 1996) ; the latter corresponds to the square of the modified Roger's distance (MRD 2 ). Using the geographic origin as a crude indicator for the genetic distance, Moll et al. (1962) in their study with U.S. maize observed a linear increase in PMPH with increasing genetic distances. In contrast, experimental data reported by Moll et al. (1965) in a study with tropical and U.S. maize populations suggested an increase of PMPH with increasing genetic distance only up to an optimum level, but a decrease in extremely wide crosses. The authors explained this decline by fertility distortion in wide crosses, adaptation problems and epistatic interactions of genes. The relationship between mid-parent heterosis of single-cross hybrids and the genetic distance of their parental inbreds, determined with molecular markers, were investigated both in theory (Charcosset and Essioux 1994) and numerous experiments with maize and other crops (Brummer 1999) . Melchinger (1999) pointed out that only intragroup crosses show a correlation between parental genetic distance and midparent hetero-sis, but for intergroup hybrids, heterosis is at best only loosely correlated with the parental genetic distance.
If heterosis of hybrids increases monotonically with increasing genetic distance of the parents, genetic distances based on molecular markers should be a useful tool for establishing promising heterotic groups and patterns (Melchinger and Gumber 1998) . Introgression of exotic germplasm is often suggested for increasing the genetic differences between opposite heterotic populations with an expected increase in heterotic response (Beck et al. 1991; Vasal et al. 1992a, b; Ron Parra and Hallauer 1997) .
Over the past 35 years, breeders at the International Maize and Wheat Improvement Center (CIMMYT) have developed numerous germplasm pools, populations, and open-pollinated varieties (OPV) based on mixtures of germplasm originating from various backgrounds (CIM-MYT 1998) . A series of combining ability studies was conducted to determine heterotic relationships among CIMMYT populations and pools. Several of the populations demonstrated good general combining ability, and various promising heterotic patterns were identified (Crossa et al. 1990; Beck et al. 1991; Vasal et al. 1992a, b) . However, no conclusions were drawn about clearly defined heterotic groups. With the establishment of a hybrid breeding program, the question of suitable heterotic groups becomes relevant for subtropical maize germplasm (Vasal et al. 1999) .
The objectives of our research were to: (1) investigate the relationship of simple sequence repeat (SSR) based genetic distances between populations and PMPH in a broad range of CIMMYT maize germplasm, (2) evaluate the usefulness of SSR markers for defining heterotic groups and patterns in subtropical germplasm, and (3) examine applications of SSR markers for broadening heterotic groups by systematic introgression of other germplasm.
Materials and methods
For reducing the large collection of germplasm from CIMMYT's gene bank, to a size which can be handled efficiently for breeding purposes, more than 100 populations were established using germplasm from different sources. Additionally, 30 broad-based back-up pools were formed to reduce the danger of narrowing down the genetic basis in tropical and subtropical maize (CIMMYT 1998) . We investigated using molecular markers 20 of these pools and populations (further referred to as populations) (Table 1) , which had previously been included in published field experiments.
Field experiments
Experiment 1 comprised a complete diallel of five subtropical early-maturity and two temperate populations (Pop46, 48, and Pool27, 28, 30, 40, 42) described in detail by Vasal et al. (1992a) . Experiment 2 included a complete diallel of seven intermediatematurity subtropical populations (Pop33, 34, 42, 45, 47 and Pool31, 34) and two temperate adapted populations (Pool39, 41) published by Beck et al. (1991) . Experiment 3 comprised factorial crosses (Design-II, Comstock and Robinson 1948) of four intermediatematurity subtropical populations (Pop42, Pop45, Pop47, Pool34) mated with four tropical populations (Pop22, Pop25, Pop32, Pop43) described in detail by Vasal et al. (1992c) . In addition to the hybrid populations, all parent populations were included in each experiment. Experiment 1 was evaluated in five subtropical (four Mexican, one Turkish) and 17 temperate (16 U.S., one Canadian) environments. Experiment 2 was tested in five subtropical environments in Mexico. Experiment 3 was evaluated in six environments in Mexico and Colombia. The experimental design for the three experiments was a randomized complete block design with three replications in each environment. All crosses in both reciprocal forms were produced at Poza Rica, Mexico, in the 1985 winter season using bulked pollen of each parent population. Seeds from each cross and its reciprocal were bulked to represent a particular cross. Seed increase of each parent population was done simultaneously by random mating to ascertain Hardy-Weinberg equilibrium.
The parents and their crosses were evaluated for grain yield. In the subtropical environments, the experimental unit consisted of two 5-m rows spaced 75 cm, and a plant density of approximately 53,333 plants ha -1 . In temperate environments, plot size and plant density varied; at most sites, the experimental unit was two rows either 3.05 or 6.10 m in length, spaced either 0.76 or 0.91 m apart. Final stands ranged from 53,333 to 87,700 plants ha -1 . For the subtropical environments all rows were hand-harvested and grain yield (mg ha -1 ) was calculated at 80% of the ear weight adjusted to 155 g kg -1 of moisture. For all temperate environments, plots were machine harvested and shelled grain weight was adjusted to 155 g kg -1 of moisture.
SSR analyses
Twenty one randomly chosen individuals from each of the 16 subtropical and temperate populations, and 48 individuals from the four tropical populations, were analyzed separately. DNA was extracted from plants grown from seed increases of the original populations tested in the field trials. DNA was extracted employing a modified CTAB procedure (Saghai-Maroof et al. 1984) . The 83 SSR markers used in the study were chosen from the MaizeDB database (http://nucleus.agron.missouri.edu/cgi-bin/ssr_bin.pl) based on the repeat unit and bin location to provide uniform coverage of the entire maize genome. Primers and PCR conditions were described in detail by Warburton et al. (2002) . Briefly, SSRs were multiplexed for maximum efficiency. Fragments were separated using acrylamide gels run on an ABI 377 automatic DNA sequencer. Fragment sizes were calculated with GeneScan 3.1 (Perkin Elmer/Applied Biosystems) using the Local Southern sizing method (Elder and Southern 1987) ; allele identity was assigned using Genotyper 2.1 (Perkin Elmer/ Applied Biosystems) and the two inbred lines CML51 and CML292 as a control. Data have been stored in the MaizeDB database (http://nucleus.agron.missouri.edu/cgi-bin/ssr_bin.pl).
Statistical analyses
The three experiments were analyzed separately. Analyses of variance (ANOVA) for grain yield were computed for each megaenvironment (ME) separately (Experiment 1: subtropical and temperate MEs; Experiment 2: subtropical ME; and Experiment 3: tropical, subtropical, and transition/mid-altitude MEs). Analyses III of Gardner and Eberhart (1966) were carried out for Experiment 1 and 2 and a Design II analysis (Comstock and Robinson 1948) for Experiment 3.
Entry mean squares were tested for significance by F-tests by using the corresponding entry environment mean squares. Entry environment mean squares were tested for significance by using the pooled error mean square. PMPH of each cross was calculated as the difference between the F 1 mean and the respective midparent mean for each ME.
We calculated the modified Roger's distance (MRD) between two populations (Wright 1978, pp 91; Goodman and Stuber 1983) as:
Here, p ij and q ij are the allele frequencies of the jth allele at the ith marker in the two populations under consideration, a i is the number of alleles at the ith marker, and m refers to the number of markers. Standard errors of MRD estimates were obtained by using a bootstrap procedure with re-sampling over markers and individuals within populations. Following Melchinger et al. (1990) , the squared modified Roger's distance (MRD 2 ) was partitioned into general (GMRD 2 ) and specific squared modified Roger's distances (SMRD 2 ) analogous to the subdivision of agronomic data into GCA and SCA effects. Pearson correlation coefficients (r) were calculated for MRD 2 and SMRD 2 with F 1 performance, PMPH and SCA effects. Significance tests of r were performed by using tabulated values based on Fisher (1921) z transformation. The polymorphicindex content (PIC) for each SSR marker was determined as described by Smith et al. (1997) .
A principal coordinate analysis (PCoA, Gower 1966) was calculated separately for each experiment based on the matrix of MRD values. Heterotic groups were defined by using the k-means clustering algorithm (Hartigan and Wong 1979) , which assigns populations to k clusters such that the within-cluster sum of squares is minimized. The predefined number k of clusters was choosen based on: (1) pedigree information, (2) information from breeders, and (3) the results from PCoA. All analyses were carried out with the Plabsim software (Frisch et al. 2000) , which is implemented as an extension to the statistical software R (Ihaka and Gentleman 1996) . An analysis of molecular variance (AMOVA) (Michalakis and Excoffier 1996) was performed to divide the molecular genetic variance into components attributable to the variance between and within populations using the software package Arlequin (Schneider et al. 2000) .
Results
For all three experiments highly significant (P < 0.01) differences among the entries, parents, crosses, and parents vs crosses were observed in all MEs (Beck et al. 1991; Vasal et al. 1992a, c) . GCA effects were highly significant (P < 0.01) in all cases except the transition/ mid-altitude MEs in Experiment 3. SCA effects were significant (P < 0.05) in Experiment 1 for the temperate ME and highly significant (P < 0.01) in Experiment 3 for the subtropical ME.
Experiment 1
Average grain yield in the subtropical ME ranged for the parent populations from 3. PCoA was peformed separately for each experiment (Fig. 1) . In Experiment 1, principle coordinate (PC) 1 clearly separated: (1) Pool27 and Pop46, from (2) Pool30 and Pop48, whereas Pool28, Pool40 and Pool42 were positioned in between these two groups. In Experiment 2, PC1 separated: (1) Pop34 and Pop42, from (2) Pop33, Pop45, Pool34, Pool39 and Pool41. PC2 separated these two groups from Pop47 and Pool31. The populations investigated in Experiment 3 formed two clearly separated clusters: (1) Pop22, Pop25, Pop32 and Pop43, and (2) Pop42, Pop45, Pop47 and Pool34.
For all three experiments the AMOVA revealed only a small proportion ( 11.6%) of the molecular variance among populations and the major proportion within populations (Table 5) .
Correlations of MRD 2 and SMRD 2 with F 1 performance, SCA effects and PMPH estimated from the field data, were positive except for Experiment 3 in the transition/midaltitude ME (Table 6 ). SCA effects were more closely correlated with SMRD 2 than MRD 2 . In contrast, PMPH was more closely related with MRD 2 than SMRD 2 and highly significant (P < 0.01) in two instances (Fig. 2) .
Discussion
For hybrid breeding, Melchinger and Gumber (1998) recommended the following criteria for the choice of heterotic patterns: (1) high mean performance and large genetic variance in the hybrid population; (2) high per se performance and good adaption of the parent population to the target region(s); and (3) low inbreeding depression, if hybrids are produced from inbred lines. The main focus of this study was to investigate the use of SSR markers for the grouping of germplasm and the identification of promising heterotic patterns before evaluating the germplasm in intensive field trials.
Descriptive statistics
In this study, we found on average across the 20 populations a higher number of alleles per marker (7.7) than reported by Lu and Bernardo (2001) (Table 1 ). In contrast to * , ** Significant at the 0.05 and 0.01 levels of probability, respectively a TR, ST and TM refers to tropical, subtropical, and transition mid-altitude mega-environments, respectively b Specific combining ability c PMPH is the panmictic midparent heterosis the high number of alleles per marker in our study, the average PIC value (0.60) was similar to those reported by Smith et al. (1997) (0.62) and Senior et al. (1998) (0.59) . This can be explained by a high number of rare alleles in our study. The high within population variance revealed in the AMOVA (Table 5) can be explained by the high number of populations with a mixed origin (Table 1) .
Correlation between MRD 2 , SMRD 2 and PMPH, SCA and F 1 performance
We investigated the correlation between PMPH and MRD 2 , because quantitative genetic theory suggests a linear relationship between both measures under simplifying assumptions (Falconer and Mackay 1996, pp 255) . This is in harmony with related studies on mid-parent heterosis in crosses of inbred lines (see e.g., Melchinger et al. 1991; Boppenmaier et al. 1993) , where the commonly employed Roger's distance is equal to MRD 2 (Melchinger 1993) . A high correlation between PMPH and MRD 2 can be expected if: (1) a high association exists between heterozygosity at the marker loci and heterozygosity at quantitative trait loci (QTL), (2) heterozygosity at QTL is closely related to heterosis (Charcosset et al. 1991) , (3) epistasis is absent, and (4) the populations are adapted to target environments (Moll et al. 1965) .
In agreement with this expectation we found in Experiment 1 for the temperate ME a highly significant (r = 0.56**) correlation between PMPH and MRD 2 (Fig. 2) . The relatively low correlation (r = 0.37) between both measures in the subtropical MEs can be explained by the non-significant SCA effects, adaption problems of crosses with the two temperate pools, and multiple alleles (Cress 1966) . Nevertheless, for both MEs PMPH increased with increasing MRD 2 . For Experiment 2, we observed a highly significant correlation between PMPH and MRD 2 (r = 0.53**). Here, a greater number of populations was adapted to the ME than in Experiment 1. The low correlations between both measures observed in Experiment 3 for all three MEs could be attributable to adaption problems of the parent and hybrid populations. The correlation of MRD 2 and PMPH in most experiments and MEs were higher than the correlation of MRD 2 and F 1 performance (Table 6) , which is in accordance with the expectations from quantitative genetic theory (Charcosset and Essioux 1994) .
To improve the low correlation of MRD 2 and SCA (Table 6 ), we partitioned MRD 2 into GMRD 2 and SMRD 2 . Under the assumption of no epistasis and by using the parameter definitions of Gardner and Eberhart (1966) , SCA can be shown to be a linear function of the SMRD 2 for the underlying QTL, provided all QTL have equal dominance effects (Melchinger et al. 1990 ). In accordance with these quantitative genetic expectations, SCA was in all instances more closely correlated with SMRD 2 than MRD 2 (Table 6 ). The results of the first two experiments suggest that PMPH and its major component SCA increase with ) and panmictic midparent heterosis (PMPH) of grain yield for Experiment 1, 2, and 3 (** indicates significance at P = 0.05) evaluated in different mega-environments. Crosses between subtropical adapted populations s, between subtropical and temperate populations n, between temperate populations *, and between subtropical tropical populations +. Experiment1: 1 = Pop46, 2 = Pop48, 3 = Pool27, 4 = Pool28, 5 = Pool30, 6 = Pool40, 7 = Pool42; Experiment2: 1 = Pop33, 2 = Pop34, 3 = Pop42, 4 = Pop45, 5 = Pop47, 6 = Pool31, 7 = Pool34, 8 = Pool39, 9 = Pool41; Experiment3: 1 = Pop22, 2 = Pop25, 3 = Pop32, 4 = Pop43, 5 = Pool34, 6 = Pop42, 7 = Pop45, 8=Pop47 increasing genetic distance among the parent populations. Experiment 3 shows that adaption problems can cause deviations from this rule. Hence, if the populations are adapted to the target regions, genetic distance can be used as a further criterion in the search for promising heterotic patterns and groups.
Heterotic groups and patterns Wellhausen (1978) described several heterotic patterns and identified four outstanding racial complexes: (1) Tuxpeaeo and related dents (Mexican, West Indian, Cuban, and Southern U.S. dents), (2) Cuban flints, (3) Coastal Tropical flints (Carribean flint), and (4) Cateto flint. He suggested to form two separate heterotic groups in the CIMMYT maize germplasm: (1) a dent composite, consisting of Tuxpeaeo and related dents, and (2) a flint composite consisting mainly of Cuban, Carribean and Cateto flints. However, instead of establishing two heterotic groups, CIMMYT maize breeders formed populations and pools mostly disregarding the natural heterotic patterns, which exist between the flint and dent germplasm complexes (Vasal et al. 1999) , because this strategy seemed promising for breeding of OPVs. Nevertheless, some populations with a relatively pure genetic background are available (Table 1) .
With the beginning of the hybrid development effort, CIMMYT conducted in the 1980s several diallel studies with different germplasm sources to detect heterotic patterns in the germplasm with mixed origin (Crossa et al.1990; Beck et al. 1991; Vasal et al. 1992a, b) . Although promising heterotic patterns were suggested, it was too difficult to clearly define heterotic groups on the basis of the field data. This stimulated us to perform a combined analysis with field and molecular data for obtaining a clearer picture on promising heterotic patterns and groups.
Subtropical early-maturity germplasm
Under the preassumption of two groups, the k-means algorithm arrived for the subtropical early-maturity germplasm at the following subdivision: (1) Pool27, Pop46 and Pool28, and (2) Pool30 and Pop48. However, in the PCoA (Fig. 1 ) Pool28 was positioned midway between Pool27, Pop46 and Pool30, and Pop48, in accordance with pedigree information. Pop46 and Pool27 were both established using flint germplasm from the U.S., Lebanon and several European countries. Pool27 also contains white flints from Argentina. Pop48 was generated from 54 half-sib families of Pool30, which was established using dent germplasm from Europe, China, Lebanon, South America and the U.S. Cornbelt. In contrast, Pool28 was developed by mixing dent and flint germplasm from Pool30 and Pool27, respectively, which precludes their use for hybrid breeding.
Considering the field and molecular data, two heterotic groups could be formed in the subtropical early-maturity germplasm: (1) a flint composite consisting of Pop46 and Pool27, and (2) a dent composite consisting of Pop48 and Pool30.
Subtropical intermediate-maturity germplasm
With k = 3, the k-means algorithm based on MRD resulted in the following subdivision for the intermediatematurity subtropical germplasm: (1) Pop34 and Pop42, (2) Pop33, Pop45 and Pool34, and (3) Pop47 and Pool31. These results are in accordance with the pedigree information. Pop42 and Pop34 contain ETO germplasm. The latter includes also Cuban flints and Tuxpeaeo germplasm. Pop33 was established using Cateto flints. Pop45 contains Cuban flints, but also Tuxpeaeo and a large diversity of other germplasm. Pop47 was established using 276 half-sibs of Pool32, which was established using germplasm from the same sources as Pool31. The mixed origin of Pop34, Pop45 and Pool31, Pool34 precludes their use for hybrid breeding. Hence, considering the molecular and field data two heterotic groups can be formed in the subtropical intermediate-maturity germplasm: (1) a flint composite consisting of Pop33 and Pop42, and (2) a dent composite consisting of Pop47.
In conclusion, SSR based technology offers a powerful tool for assessing the diversity among maize populations. The relationships between the populations obtained by using MRD and PCoA are in excellent agreement with the pedigree information. SSR based genetic distances in combination with field evaluation provide a solid basis for the detection of promising heterotic groups and patterns at the beginning of a hybrid breeding program.
Systematic introgression of exotic germplasm for hybrid breeding
With the increasing germplasm exchange between tropical, subtropical and temperate areas, greater options of germplasm sources are available for breeders. For hybrid breeding one has to consider the racial complexes and relationships between the populations to introgress exotic germplasm systematically in the existing heterotic groups. We investigated the use of SSR markers to achieve this goal. Considering the maturity type of the germplasm introgressed, we propose an exchange between early tropical and late subtropical, early subtropical and late temperate, germplasm and vice versa.
Pool42 was established to introduce tropical germplasm into temperate areas. The low hybrid performance of crosses with Pool42 in Experiment 1 (Table 2) suggested that it may not be of direct use for breeding programs in temperate environments. Pool39, 40 and 41 were designed to introgress temperate germplasm for the winter maize areas in the subtropics and tropics. Similar results were observed as for Pool42 (Tables 2, 3) , which indicated that they may not be valuable for breeding programs in subtropical environments. The low hybrid performance of the four pools can be explained by their low per se performance in all MEs.
In contrast, the high yield and PMPH of crosses between subtropical tropical germplasm (Table 4) suggested that the exchange between both types of germplasm could benefit CIMMYT's hybrid breeding program. Aggregating all information about the relationships between the populations (Fig. 1 and Table 1 ) and considering the field data (Table 4) , we propose an exchange of germplasm between both ETO-based Pop32 and Pop42 on one side, and the largely Tuxpeaeo-based Pop22 and Pop47 on the other side. Furthermore, genotypes with rare or absent SSR marker alleles in the other group and good test performance can be identified and used to systematically broaden the germplasm basis. Thus, useful alleles can be introgressed and benefit the respective breeding programs.
